Abstract. Few studies have considered the influence of climate on organic phosphorus (P) speciation in soils. We used sodium hydroxide-ethylenediaminetetra-acetic acid (NaOH-EDTA) soil extractions and solution 31 P nuclear magnetic resonance spectroscopy to investigate the soil P composition of five alpine and sub-alpine soils. The aim was to compare the P speciation of this set of soils with those of soils typically reported in the literature from other cold and wet locations, as well as those of other Australian soils from warmer and drier environments. For all alpine and sub-alpine soils, the majority of P detected was in an organic form (54-66% of total NaOH-EDTA extractable P). Phosphomonoesters comprised the largest pool of extractable organic P (83-100%) with prominent peaks assigned to myo-and scyllo-inositol hexakisphosphate (IP 6 ), although trace amounts of the neo-and D-chiro-IP 6 stereoisomers were also present. Phosphonates were identified in the soils from the coldest and wettest locations; a-and b-glycerophosphate and mononucleotides were minor components of organic P in all soils. The composition of organic P in these soils contrasts with that reported previously for Australian soils from warm, dry environments where inositol phosphate (IP 6 ) peaks were less dominant or absent and humic-P and a-and b-glycerophosphate were proportionally larger components of organic P. Instead, the soil organic P composition exhibited similarities to soils from other cold, wet environments. This provides preliminary evidence that climate is a key driver in the variation of organic P speciation in soils.
Introduction
The soil organic matter (SOM) content of soils is influenced by all the key soil-forming factors, i.e. parent material, topography, climate, vegetation and time. In broad terms, the influence of climate on SOM levels is two-fold: carbon (C) and nitrogen (N) contents of soils are positively correlated with precipitation and negatively correlated with temperature (Post et al. 1982; Oades 1988) . Changes in SOM are often examined along elevation gradients as they reflect differences in climatic conditions. Chatterjee and Jenerette (2015) investigated changes in SOM along an elevation gradient from a sub-alpine through to a desert environment. The authors observed an increase in SOM with increasing elevation, which they attributed to a greater input of organic matter with a constant rate of SOM decomposition. Similarly, Trumbore et al. (1996) showed that the rate of C turnover increased with decreasing temperature (increasing elevation) along a gradient in Sierra Nevada, California. In contrast, Yang et al. (2011) found soil organic C and total N decreased with increasing drought-stress as primary productivity decreased along an aridity gradient in China. In most cases the influence of climate on SOM can be attributed to its effect on soil biological activity, both primary productivity and microbial breakdown. While primary productivity is most affected by low temperatures and dry conditions, the breakdown of organic matter by microbial processes is slowed when soils are either too dry or too wet, or under cold (Van Meeteren et al. 2007) or acidic (Hollings et al. 1969) conditions. Thus under warmer climates, so long as there is adequate moisture, the rate of microbial processes is greater and rapid decomposition does not allow for the accumulation of organic matter.
Though studies of SOM cycling usually focus on C and N, consideration should also be given to phosphorus (P) (Kirkby et al. 2011) as organic P can constitute a large proportion of total P in many soils (Williams and Steinbergs 1958) , and although not directly plant available, can provide a source of P for plant uptake once mineralised. However, surprisingly few researchers have examined the role of climate on soil organic P. Turner et al. (2003a) suggested that climate was a key driver of the low SOM concentrations reported for a series of semiarid arable cropping soils. The authors found that decreasing organic P concentrations correlated with increasing temperatures, whereas soil organic P increased with increasing precipitation. Sumann et al. (1998) reported an effect of climate on organic P speciation. They observed a strong correlation between climate and phosphodiesters, but a weak correlation with phosphomonesters. Furthermore, the proportion of phosphodiesters increased with increasing mean annual temperature and precipitation whereas the proportion of phosphomonoesters declined. Generally under cold, wet conditions, low decomposition rates result in the persistence and accumulation of organic P species thought to be labile, such as phosphodiesters, notably DNA (Makarov et al. 2002a) and phosphonates (Tate and Newman 1982) . However, seasonal differences in organic P content have also been observed by Sharpley (1985) , who found that concentrations of organic P in soils were higher in winter than in spring, which he attributed to a slower rate of mineralisation and removal of P from the surface through plant uptake in winter. In a study of cultivated and uncultivated soils under different environmental conditions, Condron et al. (1990) reasoned that the accumulation of phosphodiesters occurred when there was limited microbial decomposition due to waterlogging of the soil. McKercher and Anderson (1968) identified climate as the reason for lower levels of inositol P in Canadian compared with British soils (Anderson 1964) .
Recently, we hypothesised that the generally low concentrations of inositol phosphates reported for most Australian soils could be related to the generally warm conditions across most of Australia, and in particular, the warm environments from which the soils analysed to date have been sourced (McLaren et al. 2015a; Moata et al. 2016) .
In this study we have targeted soils from the Australia-wide Australian Soil Resources Information System (ASRIS) database that were sampled from the only alpine and subalpine environments in mainland Australia. The aim was to compare the P speciation of this set of soils with those previously reported in the literature of soils from other cold and wet locations around the world, as well as those of other Australian soils from warmer and drier environments.
Materials and methods

Soil selection and classification
A digital dataset of soils (ASRIS) was created as part of the National Land and Water Resources Audit of Australia in 2001 (Johnston et al. 2003) . The data are a collation of soil and vegetation survey data collected from the 1950s to the 1990s. While these data were collected for differing purposes and by different agencies, in some instances the original samples are still in existence and are stored in the CSIRO National Soils Archive. This provided us access to soils that are otherwise difficult to obtain and also an opportunity to add information to the widely used ASRIS database.
In this study, we employed the spatial search feature of ASRIS to select the only soils available in the CSIRO Soil Archive from alpine and sub-alpine regions of mainland Australia; the soils were all collected from the Snowy Mountains region of south-eastern Australia, and within the Kosciusko National Park. All five soils were collected in 1968 by Wood (1970 Wood ( , 1974 , who reported on rates of biomass decomposition (Wood 1970) and earthworm communities (Wood 1974) ; these papers also contain detailed information about the formation and properties of soils of this region. At this time, the soil taxonomic scheme in use in Australia was the classification scheme of Great Soil Groups (Stace et al. 1968) . Under this scheme, soils A1053, A1054 and A1055 are classified as Alpine Humus and soils A1056 and A1507 are classified as Podosols. However, all five soils are classified as Podosols under the current Australian Soil Classification (Isbell 2002) . Vegetation and parent material at the collection sites are reported in Wood (1970 Wood ( , 1974 . Soils A1053, A1054 and A1055 were collected under tall alpine herbfields, whereas soils A1056 and A1057 were collected under dry sclerophyll forest. All soils were developed on gneissic granite parent material (Wood 1974) .
Soil characterisation
Soil samples were collected from the 0-10 cm layer and ground to pass through a 2-mm sieve before analysis. Total soil C and N were determined on the archived soils using a dry combustion CNS-2000 analyser (LECO Corporation, St. Joseph, MI, USA) (Matejovic 1997) . Total P concentrations were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) following aqua regia (HNO 3 /HCl; 1 : 3) digestion (Zarcinas et al. 1996) . Texture, soil pH and electrical conductivity (EC) were not determined in this study as there was insufficient soil available to repeat this analysis; values reported here are taken directly from the ASRIS database.
NaOH-EDTA extraction
Soil samples were ground to pass through a 2-mm sieve before extraction. Soils were extracted with sodium hydroxideethylenediaminetetra-acetic acid (NaOH-EDTA) using standard procedures for nuclear magnetic resonance (NMR) analysis based on those of Cade-Menun and Preston (1996) and Turner (2008) . In summary, 4 g (AE0.10) of soil was extracted with 0.25 M NaOH + 0.05 M Na 2 EDTA at a 1 : 10 soil to solution ratio and shaken for 16 h. The extracts were then centrifuged at 1400g for 20 min at 208C and the supernatant collected after filtration through a Whatman number 42 filter paper. A 20-mL aliquot of the filtrate was frozen in liquid N 2 and freeze-dried to concentrate the extracts before spectroscopic analysis. This resulted in isolation of~600 mg of freeze-dried material.
Solution
P NMR spectroscopy
A 500-mg subsample of each freeze-dried extract was dissolved in 5 mL of deionised water and centrifuged at 1400g for 20 min. A 3.5-mL aliquot of the redissolved NaOH-EDTA extract, 0.3 mL of deuterium oxide and 0.1 mL of a methylenediphosphonic acid (MDP) (Sigma-Aldrich; M9508; !99%) solution containing 6.0 g MDP L -1 were then placed in a 10-mm diameter NMR tube. Solution Quantification of P species in NaOH-EDTA extracts by integration and deconvolution of 31 
P NMR spectra
Quantification of soil P forms in NaOH-EDTA extracts using spectral integration was based on the addition of a known amount of MDP to NaOH-EDTA extracts, which gave a unique spectral signal separate from all other resonances. The peak area of the MDP signal is proportional to the absolute concentration added, which was then compared with the peak areas of all other resonances contained in the solution 31 P NMR spectrum.
The following classes of P species were quantified using spectral integration based on previous studies ( P NMR spectra, the relative concentrations of P species were determined using the integration and deconvolution technique described in McLaren et al. (2015a) . Briefly, this method involved first quantifying the broad feature and then quantifying the individual sharp resonances. Consequently, the orthophosphate and phosphomonoester region of the NMR spectra were partitioned into the following components: (i) orthophosphate; (ii) a broad feature (hereafter termed humic-P); (iii) myo-inositol hexakisphosphate (phytate, myo-IP 6 ); (iv) scyllo-inositol hexakisphosphate (scyllo-IP 6 ); (v) lipid P, identified as the sum of a-and b-glycerophosphate (Baer and Kates 1948; Doolette et al. 2009 ); and (vi) RNA P, identified as the sum of up to four peaks assigned to mononucleotides derived from alkaline hydrolysis of RNA . The relatively poor quality of the 31 P NMR spectrum for soil A1056 precluded the application of deconvolution for this soil.
Results
General description of soils
Alpine regions are rare in Australia and comprise only 0.15% of the total land area, occurring mainly in the Snowy Mountains in south-eastern Australia and Tasmania (Williams et al. 2008) . Australian alpine and sub-alpine ecosystems are traditionally defined as landscapes situated above elevations of~1000 m (Williams et al. 2008) where the ground is usually covered with snow for at least one month of the year (Costin 1957) . The division of alpine and sub-alpine environments is related to the average length of snow cover throughout the year. Alpine regions are those with longer periods of snow cover (>4 months) and occur above the tree line; in mainland Australia they generally occur at an elevation greater than 1800 m. In subalpine regions the ground is covered with snow for 1-4 months of the year and are generally found below the tree line although tree development is limited. In mainland Australia sub-alpine environments generally occur at an elevation of 1400-1800 m (Costin 1957; Williams and Costin 1994; Williams et al. 2008) . Soils A1053 and A1054 were collected from within 1800-2000 m above sea level (Table 1 ) and can be considered alpine soils. Soil A1055 is classified as sub-alpine as it was collected from a site at over 1500 m above sea level. Soils A1056 and A1057 were collected at sites at~1200 m above sea level in an environment better described as montane; that is environments at elevations of 1100-1400 m, which are typically below the snow line and where the climate is still cool but drier than alpine and sub-alpine regions (Costin 1954) .
In the Snowy Mountains region there is a large increase in rainfall with increasing elevation, ranging from~900 mm in the montane-lower sub-alpine areas to >2000 mm in the higher elevation alpine areas. Also, the annual minimum temperature ranges from -0.4 to 48C and the annual maximum temperature ranges from 9.8 to 18.18C (Table 1) .
Soil pH varied from moderately (4.7) to slightly (6.2) acidic. The range of soil organic C was 2.4-12%, total soil N was 0.1-0.98% and total soil P was 195-1190 mg kg -1
. Soil texture varied from loamy sand to clay loam. 31 
Quantitative analysis and interpretation of
P NMR spectra on NaOH-EDTA soil extracts
The 31 P NMR spectra of NaOH-EDTA extracts of the five soils are displayed in Fig. 1 to highlight the spectral features of the orthophosphate and phosphomonoester regions. For each soil, the orthophosphate resonance centred at d 5.7-5.8 ppm is the most prominent peak in the spectrum and is consequently offscale in this representation (see Fig. 2 for another representation of the NMR spectra in which the orthophosphate peak is onscale). For the three Alpine Humus soils (A1053, A1054 and A1055), the most prominent peak within the phosphomonoester region appeared at d 3.9 ppm and this can be assigned to scyllo-IP 6 (Turner and Richardson 2004; Doolette et al. 2009 ). This peak was also clearly present in the 31 P NMR spectra of the other two soils (A1056 and A1057). For soils A1053 and A1054, the next most prominent peaks within the phosphomonoester region were at d 4.8 and d 4.4 ppm, and can be assigned to myo-IP 6 . Again, these peaks were also clearly seen in the 31 P NMR spectra of the other soils, A1055, A1056 and A1057 and in fact, these two myo-IP 6 peaks were the most prominent peaks in the phosphomonoester region of soil A1057. Two smaller peaks, at d 5.7 ppm (where it appeared as a shoulder on the much larger orthophosphate peak) and at d 4.3 ppm can also be attributed to myo-IP 6 , a molecule that contains six phosphate groups and has an axis of symmetry that results in a 1 : 2 : 2 : 1 pattern of 31 P NMR peaks (Johnson and Tate 1969) . Peaks at d 5.0 and d 4.6 ppm were also present in all spectra, and were particularly prominent for soil A1055. These peaks P NMR spectra of the NaOH-EDTA-extracts of the alpine and sub-alpine soils selected for this study. The spectra have been vertically scaled to show the phosphomonoester region (d 5.4-3.5 ppm) in more detail. The vertical scale of each spectrum has been adjusted so that the peak of maximum intensity in the phosphomonoester region in each spectrum is the same height. The symbols identify common resonances among spectra: Ortho-P, orthophosphate; O, neo/D-chiro-IP 6 ; +, a-and b-glycerophosphate; *, myo-IP 6 (myo-inositol hexakisphosphate); #, scyllo-IP 6 . The dashed line connecting d 7-3 ppm identifies the approximate shape and position of the humic-P signal in each spectrum. Chemical shift (ppm) Fig. 2 . 31 P NMR spectra of the NaOH-EDTA soil extracts identifying the broader classes of P compounds. The vertical scale has been increased by a factor of 10 on the upper trace of each soil spectrum. Ortho-P (orthophosphate), Monoesters (phosphomonoesters), Diesters (phosphodiesters), Pyro-P (pyrophosphate).
can be assigned as a-and b-glycerophosphate, respectively, which are most likely primarily derived from the alkaline hydrolysis of phospholipids (Baer and Kates 1950; Doolette et al. 2009 ). Other small peaks were evident within the phosphomonoester region: (i) at d 6.5 and d 6.3 ppm in the 31 P NMR spectra of soils A1053 and A1054, most likely due to the neo-and D-chiro-stereoisomers of myo-IP 6 (Turner et al. 2012 ) and (ii) several small peaks between d 4.0 and d 4.8 ppm, which are likely mononucleotides produced by hydrolysis of RNA under alkaline conditions . All 31 P NMR spectra in Fig. 1 also contained a broad signal extending from around d 6.0 to d 3.5 ppm that has been attributed to phosphate groups attached via monoester linkages in high molecular weight material and is referred to as humic-P (Doolette et al. 2011; McLaren et al. 2015b) . Several 31 P NMR signals appear outside the chemical shift region shown in Fig. 1 ; these can be seen in Fig. 2 . Two small peaks that appeared at d 18.8 and d 17.2 ppm in the 31 P NMR spectrum of soils A1053 and A1054 are attributed to phosphonates (Turner et al. 2003b) , compounds which contain a direct C-P bond. A broad signal centred at d -0.5 ppm is attributed to phosphodiesters and is most likely due to DNA (Newman and Tate 1980; Makarov et al. 2002b ). Finally, a sharp peak that appeared in all spectra at d -5.0 ppm can be assigned to pyrophosphate.
Concentrations of P species determined by 31 P spectroscopy on NaOH-EDTA extracts are shown in Table 2 . Comparison of total detected NMR signal against total P determined by ICP-OES following aqua regia digestion indicated extraction efficiencies by NaOH-EDTA of 46-73% of total soil P. A portion of the undetected P is likely to be orthophosphate in mineral forms that are not soluble in the NaOH-EDTA extractant, including for example fluorapatite, xenotime and monazite (Williams et al. 1980) . It is also likely that some organic P present in the soils was not extracted into NaOH-EDTA (Doolette et al. 2011; McLaren et al. 2015c) . Concentrations of extractable orthophosphate were in the range of 46-179 mg P kg -1 (Table 2 ) and represented 32-45% of P detected in the NaOH-EDTA extracts. In addition, a small proportion of P (3-6 mg P kg -1 ) was detected as pyrophosphate. Thus, for all soils the majority (54-66%) of P detected in the NaOH-EDTA extracts was in an organic form.
Concentrations of humic-P were in the range of 52-190 mg P kg -1 (Table 2 ). Humic-P was the most abundant P species detected for soils A1053, A1054 and A1057, with concentrations slightly higher than for orthophosphate. The concentration of humic-P was lower than that of orthophosphate for soil A1055; for soil A1056 the poor quality of the 31 P NMR spectrum precluded the application of deconvolution, but the concentration of total phosphomonoester P was less than half that of orthophosphate ( Table 2) .
Concentrations of myo-IP 6 were in the range of 17-34 mg P kg -1 (Table 2) , whereas concentrations of its stereoisomer, scyllo-IP 6 , were 6-36 mg P kg -1
. The remaining phosphomonesters comprised only 9-13% of total organic P and included up to 7 mg P kg -1 as neo-and D-chiro-IP 6 , up to 14 mg P kg -1 as a-and b-glycerophosphate and up to 18 mg P kg -1 as RNA mononucleotides. Phosphodiesters (up to 10% of total NaOH-EDTA extractable P) and phosphonates (up to 4% of total NaOH-EDTA extractable P) were minor components of P in all soil extracts where they were detected. Polyphosphate (<2% total NaOH-EDTA extractable P) was only detected in sample A1053.
Discussion
The total C (2.4-12%) and N (0.10-0.98%) contents of the soils in the current study (Table 1 ) are similar to those of 166 Australian alpine soils reported by Kirkpatrick et al. (2014) where organic C content was in the range of 6-35% and the total N content was 0.3-1.2%. The C and N contents are also in the range of those reported for alpine soils in Utah, USA (up to 16% C and 1.3% N) (Bockheim and Koerner 1997) , British Columbia, Canada (13.2% C and 0.82% N) (van Ryswyk and Okazaki 1979) and in Valais, Switzerland (38% and 1.8% N) (Egli et al. 2001) . Importantly, the C and N contents of the soils investigated here are clearly higher than those typical for most soils in Australia (Williams and Steinbergs 1958; Bui and Henderson 2013) . Further, the differences in C and N content are most noticeable when comparing the soils in this study to those in agro-ecosystems, for which soils typically contain organic C contents <3% and N contents <0.3% (Kirkby et al. 2011 ). These differences can be largely explained by climate, in particular the contrast between the cold, wet conditions that are experienced in alpine environments, which slow microbial Table 2 . Concentrations of P species in NaOH-EDTA extracts (mg kg -1 ) identified and quantified by 31 P NMR spectroscopy Values in parentheses are the percentages of total soil P (extraction efficiency). Ortho-P (orthophosphate), Pyro-P (pyrophosphate), Poly-P (polyphosphate), neo-and D-chiro-IP 6 (neo-and D-chiro-inositol hexakisphosphate), myo-IP 6 (myo-inositol hexakisphosphate), a-and b-GP (a-and b-glycerophosphate), other monoesters (including RNA mononucleotides), scyllo-IP 6 (scyllo-inositol hexakisphosphate), Diesters (phosphodiesters). n.d., not detected Soil ID Total P Inorganic P Organic Ortho-P Pyro-P Poly-P Phosphonates Phosphomonoesters Diesters Total neo-and D-chiro-IP 6 a-and b-GP (lipids) degradation of organic matter and are in contrast with the seasonally warm conditions experienced more broadly across most of Australia. By targeting soils from within the Australia-wide ASRIS database, samples from the highest altitudes of Australia were chosen to represent a series of typical alpine soils, which we hypothesised would exhibit spectral features in their 31 P NMR spectra more akin to those of soils from other relatively cold and wet locations. The composition of organic P in these alpine soils appears to differ to those previously reported for Australian soils (Doolette et al. 2011; McLaren et al. 2014; Moata et al. 2016) . In particular, the presence of phosphonates, which we identified in two of the soils at the coldest and wettest locations, have not been reported before in Australian soils but have been identified in cold, wet and acidic soils elsewhere where microbial activity is limited (Tate and Newman 1982; Zech et al. 1987; Gil-Sotres et al. 1990) . Similarly, neo-and D-chiro-IP 6 are also often associated with soils from cooler, rather than warmer climates (Omotoso and Wild 1970; Irving and Cosgrove 1982; Turner et al. 2014; Jarosch et al. 2015) , although the origins and dynamics of these compounds are still not well understood.
Of particular interest is the fact that the phosphomonoester region of the 31 P spectra shown in Fig. 1 contains prominent IP 6 peaks, especially for the two soils collected from above 1800 m above sea level (A1053 and A1054). This is in contrast to our previous studies on Australian soils where we noted the absence of, or relatively low intensity of, IP 6 peaks, which account for a relatively minor component (typically <12%) of the organic P in most Australian soils (Doolette et al. 2011; McLaren et al. 2014; Moata et al. 2016) . In previous studies, we reported that peaks due to a-and b-glycerophosphate have usually been larger than those of the IP 6 ; this is especially evident in the 31 P NMR spectra of Vertosols, for which IP 6 peaks were barely discernible (McLaren et al. 2014) .
Interestingly, the characteristic features of the spectra of the soils presented here, especially the prominent IP 6 peaks, are very similar to those reported in other studies of soils from cold, wet climates (e.g. Turner et al. 2012; Vincent et al. 2012; Ahlgren et al. 2013; Vincent et al. 2013; Turner et al. 2014) . This supports our hypothesis that climate has a strong influence on organic P speciation, with IP 6 comprising a larger proportion of organic P in cold and wet environments, whereas humic-P comprises most of the organic P in warm and dry environments. The soils along a chronosequence in New Zealand, where mean annual rainfall is 3455 mm and the mean monthly temperature range is 7À158C, displayed similar organic P compositions to those of the soils presented in this study (Turner et al. 2014) in that the phosphomonoester region in the New Zealand soils was also was dominated by myo-and scyllo-IP 6 and smaller quantities of the neo-and D-chiro-IP 6 stereoisomers were also detected. Similarly, pasture soils from the Falkland Islands were particularly rich in scyllo-IP 6 and contained detectable amounts of the neo-and chiro-stereoisomers (Turner et al. 2012) . Furthermore, in three separate studies, soils from cold temperate (<88C) and humid (520-600 mm rainfall) climates in Sweden were found to contain considerable amounts of IP 6 ; myo-IP 6 comprised 19-36% of organic P and scyllo-IP 6 comprised 3% of organic P along a chronosequence (Vincent et al. 2013) and myo-IP 6 was also a prominent form of IP 6 in both a long-term fertiliser experiment (Ahlgren et al. 2013) and in organic soils (humus) in a boreal forest (Vincent et al. 2012) . The myo-and scyllo-IP 6 were predominant in non-basaltic grassland soils in north-east Ireland (Murphy et al. 2009 ) and in permanent grassland and cropped soils from Switzerland, where average annual temperatures were in the range of 2.2-9.48C and annual rainfall was 1042-2400 mm, myo-and scyllo-IP 6 comprised up to 25% of soil organic P (Jarosch et al. 2015) .
Although the distinctiveness of the 31 P NMR spectra of these five alpine soils relative to the 31 P NMR spectra of other Australian soils we have analysed and their greater similarity to the 31 P NMR spectra of other soils from cold and wet climates supports our hypothesis that climate has a major influence on organic P speciation in soils, more research is needed to further test this contention. In particular, the five soils analysed here do not span the full range of Australian alpine soils identified by Kirkpatrick et al. (2014) , and 31 P NMR analysis of further alpine soils is warranted. Unfortunately, P analysis in Kirkpatrick et al. (2014) was limited to bicarbonate extractable and total P, neither of which were significantly correlated with mean annual temperature. More promisingly, organic C and total N (both measures of organic matter levels) were significantly correlated with climate, along with geological and vegetation factors, and this could assist in choosing target soils for analysis.
It must also be acknowledged that although the soils in this study were chosen on the basis that they included the only alpine soils from mainland Australia in the large ASRIS database of Australian soils, and hence represent an extreme in Australian climate of relative cold and wet conditions, the possibility of co-variation with other soil-forming factors (i.e. parent material, topography, vegetation and time) means the relationship we found between climate and organic P composition is not necessarily causal. The vegetation of the region does co-vary with climate. The three highest elevation sites -the alpine and sub-alpine sites where soils A1053 A1054 and A1055 were collected -are characterised by tall alpine herbfield vegetation, whereas the two lowest elevation (montane) sites, where soils A1056 and A1057 were collected, are under dry sclerophyll forest dominated by Eucalyptus species (Wood 1974) . Thus it is possible that the relationship between climate and organic P composition is an indirect one and is driven by differences in vegetation. However, this does not explain the similarity of organic P composition of these alpine soils to alpine soils elsewhere in the world, given that these widely separated sites would have very different species composition. In terms of parent material, all soils were developed on a uniform gneissic granite bedrock (Wood 1974) , although it has been suggested that the region's soils are also influenced by historic and contemporary dust deposition, the distribution of which may be non-uniform (Kirkpatrick et al. 2014) . Topography is considered an unlikely driver of differences in organic P composition; although the Kosciusko region is the highest in Australia, it is characterised by relatively gentle slopes. Time is also not likely to be a strong driver as the soils are not particularly young and do not form a clear chronosequence.
Management is another point of difference between the five soils analysed in this study and the majority of Australian soils we have previously reported on (Doolette et al. 2011; McLaren et al. 2014 McLaren et al. , 2015b Moata et al. 2016) . In particular, the alpine soils reported here are all unmanaged and under native vegetation, whereas the majority of soils we investigated previously are agricultural soils. However, several recent studies have reported agricultural management to have surprisingly little impact on organic P composition. Turner and Blackwell (2013) reported a relatively minor influence of liming on organic P composition in a long-term field trial at Rothamsted. This study utilised a management-induced gradient in lime addition and hence pH, and found accumulation of some specific organic P species only occurred under extremely acidic conditions of pH < 4. Similarly, Annaheim et al. (2015) reported that 62 years of application of three organic fertilisers (dairy manure, compost and dried sewage sludge) had no discernible effect on organic P speciation, despite substantially increasing both extractable and total P, in some cases by a factor of two or more. In another study, 100 years of superphosphate addition to a pasture soil had virtually no impact on organic P speciation, despite having profound effects on many soil properties, including total and extractable P and pH, and also pasture composition (Schefe et al. 2015) . Based on these findings, it seems unlikely that the difference in organic P composition between the five alpine soils and other Australian soils is due to management.
This study also serves to shed some light on a point of contention among researchers who use 31 P NMR spectroscopy to determine the speciation of organic P. It has been suggested that the broad feature we have consistently found to dominate 31 P NMR spectra of NaOH-EDTA extracts of Australian soils (Doolette et al. 2011; McLaren et al. 2014 McLaren et al. , 2015b Moata et al. 2016 ) and identify as humic-P, but which is less obvious in many other 31 P NMR studies, may result from slight differences in methodology, in particular that we redissolved our freezedried extracts in water rather than NaOH-EDTA (Cade-Menun and Liu 2014; Kruse et al. 2015) . However, here we have shown that we can obtain 31 P NMR spectra very similar to those reported in other studies. We suggest that the humic-P peaks are in fact less prominent in the spectra of soils from cold, wet environments due to the higher proportion of IP 6 compounds present.
Conclusions
The characterisation of organic P in the alpine and sub-alpine soils of the Snowy Mountain region presented in this study provides preliminary support for the hypothesis that climate has a strong influence on the speciation and composition of soil organic P. The 31 P NMR spectra of NaOH-EDTA soil extracts revealed that the organic P composition of these alpine soils markedly differed to that reported for other Australia soils from warm, dry environments, but was consistent with the P composition of soils from cold, wet environments outside Australia. In particular, we identified the presence of phosphonates and neo-and D-chiro-isomers of IP 6 in the soils from the colder and wetter locations, as well as prominent peaks associated with myo-and scyllo-IP 6 , which are often minor or absent in the 31 P NMR spectra of other Australian soils from warm and dry environments. A more comprehensive study including a more substantial number of soils from varied climates is needed to investigate the mechanisms that are affected by climate and how this influences the abundance of complex humic-P relative to individual molecular organic P species. Turner B (2008) Soil organic phosphorus in tropical forests: an assessment of the NaOH-EDTA extraction procedure for quantitative analysis by solution 31 
